Stereoscopic video will soon be delivered to the home through various channels. To make this feasible for some channels, the representation of the stereo video is modified to accommodate certain constraints on legacy systems. Among the various constraints that must be considered include the capabilities of production equipment and transmission infrastructure, as well as existing receivers and uncompressed digital interfaces between devices within the home. This paper outlines the typical constraints that are encountered in these domains and provides an overview of the various frame-compatible formats that are being considered for distribution of 3D video through such legacy systems. The benefits and drawbacks of these formats are discussed and the current status in various industry forums is reviewed.
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INTRODUCTION
There is a growing interest in delivery of 3D content to the home. Production of 3D cinema content is steadily increasing, and there are already devices supporting stereoscopic display available to the consumer. To facilitate interoperable 3D services to the home, standards for production, distribution and digital interfaces are being developed or amended.
The current class of televisions that support stereoscopic video are referred to as 3D-Ready TVs. These devices can identify uncompressed content in a standard 3D image or video format, then properly display it. As the 3D market matures and the TV platform evolves, a new class of devices that will be referred to as 3D-Capable TVs will emerge; these devices will be able to identify compressed content in a standard 3D distribution format, then properly decode and display it.
Given the existence of these display devices, a very signi cant issue is the means by which 3D content is delivered to the home through legacy systems. One option is to consider a complete upgrade to the related equipment and infrastructure so that an additional view could be accommodated. However, this is very costly for some distribution scenarios and takes time. One exception is packaged media, such as Blu-ray Disc, which can more easily introduce new 3D players into the market and leverage the capabilities of existing 2D players for 3D.
In fact, the Blu-ray Disc Association has adopted the Multiview Video Coding (MVC) standard, which is an extension of H.264/AVC. Blu-ray discs will offer high-de nition for both left and right views. The storage constraints are satis ed with the high compression capabilities of MVC, while also providing compatibility with existing 2D players.
The above model does not work so well for services such as cable, where cable operators carry the cost of the set-top box and have a large installed customer base. Replacement of set-top boxes is costly and could not be accomplished in a short time. Therefore, it is of greater interest in the nearterm to utilize the capabilities of the existing distribution infrastructure and equipment. Frame-compatible formats offer a solution to introduce 3D services under such constrained environments, which also include the need to broadcast live events.
The remainder of this paper is organized as follows. In the next section, the typical constraints that are encountered at various points in the production and delivery chain are pre-
sented. An overview of the various frame-compatible formats that are being considered for distribution of 3D video through such legacy systems is provided in Section 3 including a review of the signalling that has been recently standardized as part of the H.264/AVC standard. The paper concludes with a discussion on the bene ts and drawbacks of the different frame-compatible formats and the current industry status regarding the deployment and likely use of these formats.
SYSTEM CONSTRAINTS
Television and home entertainment have experienced many upgrades throughout history. Color television was introduced in the 1950s through a compatible extension of black-andwhite transmission standards. The last decade has witness a conversion from analog to digital video services. Also, existing standard-de nition (SD) video is is being upgraded to high-de nition (HD). Industry is now considering a similar type of upgrade to 3D, and must be mindful of constraints in the production and delivery chain. 
Production
The main approaches to creating 3D content include camera capture, computer generated, and conversion from 2D video. An important element of the production domain is a master format. Whether the content is a 3D cinema production or a live event, the master format speci es a common image format along with high level metadata that are required to make sense of the data and prepare the data for distribution. The format is generally independent of any speci c delivery channel. The Society of Motion Picture and Television Engineers (SMPTE) will specify a 3D Home Master which would essentially be an uncompressed and high-de nition stereo image format, i.e., 1920×1080 pixel resolution at 60Hz per eye [1] .
The mastering format will also specify metadata, e.g., signaling of left and right image frames, as well as scene information such as the maximum and minimum depth of a scene.
The master format is also expected to include provisions to associate supplementary data such as pixel-level depth maps.
Derivatives of this master format, including frame-compatible formats discussed in the next section, could be created for each individual distribution channels.
Transmission
Cable operators have been actively considering the options for delivery of 3D video [2] . While bandwidth is not a major issue in the cable infrastructure, the set-top boxes to decode and format the content for display is a concern. A 3D format that is compatible with existing set-top boxes would enable faster deployment of new 3D services. It has bene recognized that a frame-compatible format could be useful for this purpose, while new boxes that support full-resolution formats may be introduced into the market at a later stage. The Society of Cable Telecommunications Engineers (SCTE), which is the standards organization that is responsible for cable services, is considering this roadmap.
Terrestrial broadcast is perhaps the most constrained distribution method. Most countries around the world have dened their digital broadcast services based on MPEG-2, which is often a mandatory format in each broadcast channel, so there ae legacy format issues to content with that limit the channel bandwidth that could be used for new services. A sample bandwidth allocation considering the presence of HD, SD and mobile services is shown in Fig. 1 . Besides this, there are also costs associated with upgrading broadcast infrastructure and the lack of a clear business model on the part of the broadcasters to introduce 3D services. Broadcast of 3D video is likely to lag behind other distribution channels for these reasons.
With increased broadband connectivity in the home, access to 3D content from web servers is likely to be a dominant source of content. Suf cient bandwidth and reliable streaming would be necessary; download and of ine playback of 3D content would be another option. To support the playback of such content, the networking and decode capabilities must be integrated into the TV, or the PC must be able to decode and have a suitable interface with the TV.
Interfaces & Displays
Since there are a number of displays already on the market that use different formats, the interface from distribution formats to native displays formats is a major issue. There is currently a strong need to standardize the signaling and data format to be transmitted between the various devices in the home.
On the TV side, there are a few issues that need to be addressed to ensure that legacy devices that only support their native display capability could still be utilized for new 3D services. In order for these TVs to operate in a 3D mode, the source material must be delivered in the native display format. This could be accomplished by either ensuring that service (or source device) provides a 3D format that exactly matches the display capabilities, or by performing the necessary conversion prior to the display. The former might be impossible to achieve in practice since the distribution format is generally different than the native display format. The latter is more practical, but would likely require an external conversion box as an interface between the source device and 3D-Ready TV.
It is important to note that when the two formats have different sub-sampling structures, the quality of the conversion needs to be considered. Regarding the interface to the TV, HDMI v1.4 has recently been announced and includes support for a number of uncompressed 3D formats including both full-resolution and frame-compatible formats [3] . Efforts are underway to also update other digital interface speci cations including those speci ed by the Consumer Electronics Associations (CEA).
There are also new initiatives within CEA to standardize the speci cation of 3D glasses, as well as the interface between display devices and active glasses [4] . Another major constraint of existing 3D-Ready TVs is that they typically support an older version of the interface that was not speci cally designed for 3D, e.g., HDMI v1.3. While such interfaces are capable of supporting the required bandwidth for a wide variety of 3D formats, there is no signaling in place to identify the format being sent. Therefore, upgrades need to be made so that existing devices could be identify the format of the content and display it correctly.
FRAME-COMPATIBLE FORMATS
Frame compatible formats refer to a class of formats in which the stereo signal is essentially a multiplex of the two views into a single frame or sequence of frames. Some common formats are shown in Figure 2 . Other common names include stereo interleaving or spatial/temporal multiplexing formats.
In the following, a general overview of these formats along with the key bene ts and drawbacks are discussed. A standardized signalling for these formats is also described. The drawback of representing the stereo signal in this way is that spatial or temporal resolution would be lost. However, the impact on the 3D perception may be limited. An additional issue with frame-compatible formats is distinguishing the left and right views. To perform the de-interleaving, some out-of-band signaling is necessary. Since this signalling may not be understood by legacy receivers, it may not possible for such devices to extract, decode and display a 2D version of the 3D program. This might not be so problematic though. For one, it is not always the case that a 2D version of the content should be extracted from a 3D stream. The production may be different; also 2D and 3D versions may be edited differently.
Second, the rmware on some devices, such as cable set-top boxes, could be upgraded to understand the new signaling that describes the video format. The same is not necessarily true for broadcast receivers and all types of equipment.
Signaling
The signalling for a complete set of frame-compatible formats has been standardized within the H.264/MPEG-4 AVC standard as Supplementary Enhancement Information (SEI).
In general, SEI messages provide useful information to a decoder, but are not a normative part of the decoding process.
However, a decoder that understands the SEI message can interpret the format of the decoded video and display the stereo content appropriately. 
DISCUSSION
Industry is now preparing for the introduction of new 3D services. With the exception of Blu-ray Discs, which will offer a full-resolution stereo format with HD resolution for each view, the majority of services will start this year based on frame-compatible formats. Some bene ts and drawbacks of the various formats are discussed below.
In the production and distribution domains, side-by-side and top-bottom formats are most favored. Relative to row or column interleaving, and the checkerboard format, the quality of the reconstructed stereo signal after compression can be better maintained. Such formats introduce signi cant high frequency to the frame-compatible signal thereby requiring higher bit-rate. Also, the interleaving and compression process has the possibility to create cross-talk artifacts and color bleeding.
From the pure sampling perspective, however, there have been studies that discuss the bene ts of quincunx sampling.
In particular, quincunx sampling preserves more of the original signal and its frequency-domain representation is aligned with that of the human visual system. So, while it may not be a distribution-friendly format, quincunx sampling followed by a rearrangement to side-by-side or top-bottom format could potentially lead to higher quality compared to direct horizontal or vertical decimation of the left and right views by a factor of two.
Another issue to consider regarding frame-compatible formats is whether the source material is interlaced. Since the top-bottom format incurs a loss in the vertical dimension and an interlaced eld is already half the resolution of the frame, the top-bottom format should not be used with interlaced content.
Since there will be displays in the market that support interleaved formats as their native display format, such as checkerboard for DLP televisions and row interleaving for some LCD-based displays, itis likely that the distribution formats will be converted to these display formats prior to reaching the display. Therefore, the signaling of these formats over the interface would be necessary along with the signaling of the various distribution formats.
The SEI message that has been speci ed in the latest version of the AVC standard supports a broad set of possible frame-compatible formats. It is expected to be used throughout the delivery chain from production to distribution, through the receiving devices, and all the way to the display.
